The mechanism by which pluripotent progenitors give rise to distinct classes of mature neurons in vertebrates is not well understood. To address this issue we undertook a genetic screen for mutations which affect the commitment and differentiation of catecholaminergic (CA) [dopaminergic (DA), noradrenergic (NA), and adrenergic] neurons in the zebrafish, Danio rerio. The identified mutations constitute five complementation groups. motionless and foggy affect the number and differentiation state of hypothalamic DA, telencephalic DA, retinal DA, locus coeruleus (LC) NA, and sympathetic NA neurons. The too few mutation leads to a specific reduction in the number of hypothalamic DA neurons. no soul lacks arch-associated NA cells and has defects in pharyngeal arches, and soulless lacks both arch-associated and LC cell groups. Our analyses suggest that the genes defined by these mutations regulate different steps in the differentiation of multipotent CA progenitors. They further reveal an underlying universal mechanism for the control of CA cell fates, which involve combinatorial usage of regulatory genes.
INTRODUCTION
During development of the vertebrate nervous system, the number, identity, and stereotypic locations of distinct classes of neurons are tightly regulated at multiple steps. Although several secreted and intracellular signaling molecules, which control this process, have been isolated by molecular and cellular approaches, a large number of proteins which participate in the control of neural development remain to be identified. To this aim, we performed a systematic mutagenesis screen in the recently established genetic model system, the zebrafish Danio rerio, a small tropical freshwater teleost (Streisinger et al., 1981) . Previous mutagenesis screens have focused on early, global, severe, and morphologically obvious perturbation in neural development (Driever et al., 1996; Haffter et al., 1996) and therefore may have missed genes that function during later steps of neuronal differentiation. We instead searched for subtle and specific mutations that change the number or identity of distinct classes of mature neurons, using markers for terminally differentiated neurons. We have chosen to study catecholaminergic (CA) neurons for two reasons: First, these neurons appear throughout the central and peripheral nervous systems and thus allow us to identify genes which control neural development at multiple axial levels. Second, although the CA neurons share neurotransmitter synthesizing enzymes, they utilize different neurotransmitters and therefore provide a good model system for the identification of genes which regulate neurotransmitter choice.
T h e C A s y s t e m i s c o m p o s e d o f d o p a m i n e -, noradrenaline-, or adrenaline-producing neurons (reviewed in Smeets and Reiner, 1994) . The mammalian dopaminergic (DA) neurons reside in the forebrain and midbrain. They control postural reflexes, initiation of movement, rewardassociated behavior, and hormonal homeostasis and are associated with Parkinson's disease (McGeer et al., 1978) , addictive behavior (Seeman et al., 1993) , and schizophrenia (Ritz et al., 1987) . Noradrenergic (NA) and adrenergic neurons reside in the hindbrain and peripheral nervous system and are involved in regulation of autonomic functions, state of alertness, and sleep-wake cycle (Ciriello et al., 1989) .
CA synthesis involves four enzymes: tyrosine hydroxylase (TH), aromatic amino acid decarboxylase (AADC), dopamine ␤-hydroxylase (D␤H), and phenylethanolamine-N-methyl transferase (PNMT). DA neurons contain TH, which is the rate-limiting enzyme in converting tyrosine to dopa, and AADC, which converts dopa to dopamine. NA neurons contain TH, AADC, and D␤H, which converts dopamine to noradrenaline. Adrenergic neurons contain TH, AADC, and D␤H as well as PNMT, which converts noradrenaline to adrenaline.
Currently available data indicate that the mammalian midbrain DA neurons require the secreted factors SHH and FGF8 (Hynes et al., 1995; Ye et al., 1998) as well as the zinc finger transcription factor Gli-2 (Matise et al., 1998) for their development. In addition, the DA neurons appear to be dependent on the nuclear receptor Nurr-1 for maturation (Zetterstrom et al., 1997) . Similarly, it is known that specification of locus coeruleus (LC) neurons is dependent on Phox2a, a homeobox-containing protein (Morin et al., 1997) , whereas the development of sympathetic neurons is controlled by the growth factor BMP-2 and the transcription factors CASH1 and Phox2a (Groves et al., 1995; Lo et al., 1998) .
In this study, we have first characterized the distribution of CA neurons in the developing zebrafish, using antibodies raised against the CA-synthesizing enzymes and neurotransmitters (reviewed in Smeets and Reiner, 1994) , and then carried out an immunohistochemistry-based screen to identify mutations that affect their number or identity. The mutations, which we have identified, appear to define multiple steps in the commitment and differentiation of CA neurons. They reveal an underlying common regulatory pathway for the development of neurons which share biosynthetic enzymes and underscore the existence of genes which are used in a combinatorial fashion to control cell fate decisions in this system. Identification of these genes will help to decipher the process by which the number, location, and identity of mature neurons are determined in the vertebrate nervous system on the molecular level.
MATERIALS AND METHODS

In Situ Hybridization and Immunohistochemistry
RNA in situ hybridization was performed essentially as described by Oxtoby and Jowett (1993) . The zebrafish TH and D␤H cDNA fragments were cloned by degenerate PCR, and their GenBank accession numbers are AF075384 and AF075385, respectively. For immunohistochemistry, embryos were fixed with 4% paraformaldehyde. Embryos older than 60 hours postfertilization (hpf) were treated with proteinase K before incubation in primary antibodies at 4°C overnight. After four washes with phosphatebuffered saline with 0.1% Tween, 0.5% Triton X-100, 1% DMSO, the embryos were incubated with biotinylated secondary antibodies, and color reaction was carried out using Vectastain Elite ABC kit (Vector Laboratories), followed by 3,3Ј-diaminobenzidine tetrahydrochloride and hydrogen peroxide (Sigma). Antibodies against TH, D␤H, and 5-HT were purchased from Chemicon, the antibody against acetylated tubulin was purchased from Sigma.
Fish Stocks and Maintenance
Fish breeding and maintaining were performed as previously described (Solnica-Krezel et al., 1994) . Embryos were raised at 28.5°C and staged according to Kimmel et al. (1995) .
Immunohistochemistry-Based Early Pressure Screen
The general mutagenesis procedures were as previously described (Solnica-Krezel et al., 1994) . For the one-generation early pressure (EP; see Westerfield, 1995, for detailed procedures) screen, eggs from F1 females were activated by sperms whose DNA was destroyed by UV treatment. Activated eggs were subjected to hydrostatic pressure about 90 s after fertilization (Streisinger et al., 1981) , which served to block the second meotic division and restore the diploid number of chromosomes in the eggs. Two-day-old post-EP embryos were processed for immunostaining with antibody against TH. After staining, individual embryos were examined under a light dissecting microscope, and those with alterations in CA neurons were further examined and photographed under differential interference contrast optics using Zeiss microscopes. F1 founders were kept individually and verified as to whether they carried mutations of interest: identified F1 fish were outcrossed to wildtype males and F2 generation was raised to adulthood. Pair mating of F2 fish allowed identification of heterozygotes, which gave ϳ25% homozygotes for a particular mutation of interest in the F3 embryos, indicating the presence of a single Mendelian trait. The F2 heterozygote fish were kept as a line carrying the mutation. To examine for complementation, crosses were performed between carriers of mutations with similar phenotypes.
Histological Analyses
For skeletal preparations, we followed the protocols described by Schilling et al. (1996) . In brief, the embryos (phenyl thiourea treated to inhibit pigment formation) were fixed with 4% paraformaldehyde and incubated in 0.1% Alcian blue (Sigma) overnight. After rehydration in phosphate-buffered saline, embryos were cleared in 0.05% trypsin and mounted in 75% glycerol and photographed. Apoptotic cell death in whole-mount zebrafish embryos was detected using TUNEL staining procedures described by Abdelilah et al. (1996) . For tissue sectioning, embryos were dehydrated in 100% ethanol, embedded in JB4 resin (Agar Scientific Ltd.), and sectioned using a tungsten knife on a Jung 2055 autocut.
RESULTS
Identification of Major CA Cell Groups in the Developing Zebrafish
Dopaminergic neurons in the forebrain. Using RNA probes and/or antibodies against TH, D␤H, and PNMT, we have identified the different CA cell groups and determined their positions as well as major axonal projections in zebrafish embryos. Within the developing forebrain, THexpressing neurons are primarily located in the anterior dorsal telencephalon and posterior ventral diencephalon (the hypothalamus), with a few additional neurons present near the postoptic commissure and in the pretectum region ( Fig. 1 ). All TH-expressing forebrain neurons are likely to be dopaminergic, as they are positive for TH but negative for D␤H (see Fig. 1M ). The earliest TH RNA expression is detected around the 20-to 23-somite stage (ϳ22 hpf) in one to two cells in the ventral diencephalon (Fig. 1A ). By the p r i m -1 2 s t a g e ( ϳ 2 8 h p f ) , t h e n u m b e r o f T Himmunoreactive (THir) cells has increased to four or five and they are distributed bilaterally along the tract of postoptic commisure (TPOC) (Figs. 1B and 1C) . Antibodies for the general neuronal marker acetylated tubulin revealed additional, non-DA neurons in this location (Chitnis et al., 1990; Wilson et al., 1990) , indicating that the early THir neurons comprise a subset of cells that have previously been termed the nucleus of the TPOC (Fig. 1C , and see Patel et al., 1993) . Even at early stages of development, long axons with many varicosities extend from the THir neurons into the TPOC and then into the midbrain, hindbrain (Fig.  1B) , and rostral spinal cord (Fig. 1D) . Consistent with the notion that many of these long THir axons originate from the diencephalic DA neurons, they are still present in mutant embryos which lack other classes of THir neurons (see Fig. 6J ).
Between 1 and 2 days postfertilization (dpf), the hypothalamic region of the diencephalon where DA neurons reside expands extensively. The number of DA neurons increases to about 15-20 and they are located in the dorsal hypothalamus/posterior tuberculum beneath the midbrain tegmentum (Figs. 1E and 1F) . Between 3 and 4 dpf, the hypothalamus continues to elongate, TH staining intensifies, and the DA neurons are organized into discrete clusters (Figs. 1G and 1H) . By this stage, these neurons are arranged in an annulus with the most caudal neurons located medially and the rostral neurons positioned laterally (Fig. 1G) . By 4 dpf, THir processes are detected throughout much of the white matter of the midbrain tegmentum and medulla (Figs. 1H and 1O) , and there is robust labeling of THir processes between the various hypothalamic/posterior tubercular nuclei (Fig. 1G ). In addition, consistent with their role in hormonal secretion, THir fibers from diencephalic neurons innervate a narrow lamella of white matter in the more caudal part of the pituitary (Figs. 1H and 1I) .
A few DA neurons are detected near the postoptic commissure at around the long-pec stage (48 hpf) and by 3-4 dpf, also in the pretectum (Fig. 1H ). Between 2 and 3 dpf, DA neurons appear in the telencephalon (Figs. 1G and 1H) . The majority of these neurons are located in the rostral/dorsal region which gives rise to the olfactory bulb and their fibers colocalize with presumptive glomerular structures within the forming olfactory bulb (Fig. 1J) . In addition to the olfactory regions, there is weak labeling of a few neurons in more caudal telencephalic territories (Figs. 1G and 1H) .
THir neurons in the eye. By the pec-fin stage (ϳ60 hpf), weakly THir DA neurons are present in the amacrine cell layer of the retina (data not shown). By 4 dpf, these neurons constitute an evenly spaced mosaic of cells within the amacrine cell layer. They extend processes into the inner plexiform layer and then branch and spread laterally within the neuropil (Fig. 1K ). Additional THir processes, which probably also belong to the DA amacrine cells, are detected in the outer plexiform layer. Consistent with this observation, a special class of amacrine cells, termed interplexiform cells, with projections into both plexiform layers have been described in other fish species (Frolich et al., 1995) .
Noradrenergic neurons in the hindbrain. By the prim-15 stage (30 hpf), THϩ (Fig. 1L) , D␤Hϩ (Fig. 1M) , and PNMTϪ (not shown) noradrenergic neurons, corresponding to the LC, are detected in the ventrolateral region of hindbrain rhombomere 1. There are about three to five neurons by the prim-25 stage (36 hpf), and this number did not increase significantly over time since only about five to seven neurons were observed in 96-h embryos (not shown) and a similar number is retained in the adult fish (Ma, 1994a,b) . The embryonic LC neurons are polarized with a major process that projects ventrolaterally and branches extensively in the white matter tracts of the medulla (Fig.  1N) .
By the protruding-mouth stage (ϳ72 hpf), bilateral columns of weakly THir neurons are also detected in the dorsal caudal hindbrain (medulla) (Fig. 1O ). These neurons have been recently described in adult zebrafish (MA, 1997) , and in situ hybridization with a D␤H probe confirmed that at least some of them are noradrenergic (Fig. 1M) .
THir cells outside the central nervous system I: archassociated cells. By 20 -23 somites, a small number of THir cells are detected lateral to the dorsal neural tube at the level of the rostral hindbrain ( Fig. 2A) . In addition to TH, these cells express D␤H (Fig. 1M) but not PNMT, suggesting that they are noradrenergic. As development proceeds, these cells appear to migrate ventroanteriorly (Fig. 1L ) toward the midline, and by the long-pec stage (48 hpf), they form two cell clusters close to the midline just rostral to the heart (Figs. 2B and 2C) . By the protrudingmouth stage (ϳ72 hpf), the two cell groups appear to have fused at the midline of pharyngeal arch 3 (Fig. 2D ) and are located directly between the sternohyoid muscles and adjacent to medial blood vessels (Fig. 2E ).
As these CA cells are associated with the forming pharyngeal arches, we examined their position relative to endodermal arch derivatives which are labeled by the antibody Zn-8 (Trevarrow et al., 1990) . The CA cells are initially associated with arch 2 (the hyoid arch) (Fig. 2F) ; however, at later stages, the cells are positioned further caudally at the level of arch 3 (Fig. 2D) . While the identity of these arch-associated CA cells has not been established, the most likely possibility is that they are chromaffin cells associated with the carotid body (see Discussion).
In addition to the arch-associated CA cells, a few THir cells were observed outside the CNS, just posterior to the eyes (Figs. 2B and 2D ). The position of these cells suggests that they may be associated with the cranial ganglia.
THir cells outside the CNS II: sympathetic ganglia near the gut. By the pec-fin stage (ϳ60 hpf), a few scattered THir cells were present ventrolateral to the notochord and dorsal to the forming gut (Fig. 2G) . As development progressed, scattered cells were still detected close to the notochord, while the majority accumulated just rostral to the swim bladder, dorsolateral to the forming gut derivatives (Fig. 2H) . These THir cells also expressed D␤H (Fig.  1M) , were neuronal in morphology, and extended neurites with growth cones in multiple directions, suggesting that they may constitute the sympathetic ganglia.
Isolation of Mutations Affecting the Developing Catecholamine Systems
With information on the location and ontogeny of the e m b r y o n i c C A c e l l g r o u p s , w e p e r f o r m e d a n immunohistochemistry-based mutagenesis screen. Unlike the previous screens which were based on visual inspection (Driever et al., 1996; Haffter et al., 1996) , the antibodybased screen allowed detection of subtle and specific changes in cell number, morphology, and identity which would not be detected otherwise.
Mutagenized F2 embryos were generated by the EP technique (Streisinger et al., 1981) and processed for immunostaining with an antibody against TH. About 700 F1 founders were screened, and the identified mutations fall into five complementation groups which were named motionless (mot m807 ), foggy (fog m806 ), too few (tfu m808 ), no soul (nos m809 ), and soulless (sou m810, m811, m812 ). The alterations detected in these mutations are consistent and can be seen in ϳ25% of the progeny, indicating inheritance of a single mendelian trait. Two additional classes of mutations which affected CA neurons were discarded since they were associated with major morphological deformities, including cyclopia, or with gross early neural degeneration. Each of the five complementation groups that were identified had a distinct phenotype, suggesting that multiple overlapping pathways participate in the development of CA neurons.
motionless Embryos Have Deficits in Brain Morphology and Subsets of CA Neurons
By ϳ30 hpf, the motionless (mot) mutant embryos display a reduced number of hypothalamic DA neurons (Figs. 3A and 3B). As development proceeds, the neuronal deficits become more severe, and by ϳ48 hpf, there is a pronounced reduction in the number of telencephalic and diencephalic DA as well as LC and sympathetic (Sym) neurons (Figs. 3C-3F and data not shown). Moreover, although the overall organization of axonal tracts appears relatively unperturbed (Figs. 3G and 3H ), the few remaining hypothalamic DA neurons do not appear to extend axons (Figs. 3E and 3F and data not shown). In contrast, arch-associated CA cells and several non-CA neurons such as Isletϩ putative motoneurons appeared normal (Figs. 3C and 3D and data not shown) .
In addition to defects in CA neurons, other morphological abnormalities are visible in mot embryos. The brain is mildly cyclopic (Figs. 3C and 3D ) and ventricles failed to properly inflate (Figs. 3G and 3H) . Furthermore, blood circulation is disrupted, and in ϳ2-day-old mot embryos, bradycardia, as well as blood accumulation near the heart, was observed (data not shown). Whereas 2-day-old wildtype embryos rapidly swim away in response to tactile stimuli, mot embryos (as indicated by their name) do not respond to such stimuli, or respond only occasionally with a slight wiggle. By TUNEL staining, high levels of apoptosis were detected specifically in the lens and telencephalon of ϳ52-hpf (Figs. 3K and 3L ), but not of ϳ34 hpf (Figs. 3I and 3J ) mot embryos. This late increase in cell death is likely to be a secondary consequence of the failure to differentiate. mot fish die around 4 dpf.
The findings that mot affected multiple CA neuronal cell types suggest that it functions at an early, common step in the development of CA neurons and reveal that these distinct neuronal cell groups are controlled in part by the same regulatory genes during development. motionless also mildly affected the brain morphology, suggesting that neuronal types other than CA neurons may also be affected.
The foggy Mutant Displays Deficits in Subsets of CA Neurons
Like motionless, 2-day-old foggy mutant embryos exhibit deficits in the number of THir hypothalamic DA neurons as well as a reduction of TH immunoreactivity in the few remaining neurons (hence the name foggy) (Figs. 4A and 4B) . No THir telencephalic and retinal DA neurons were detected (Figs. 4C and 4D ). THir and D␤Hir are also significantly reduced in LC neurons but appear normal in the arch-associated cells (Figs. 4E-4H ). In addition, the levels of both THir and D␤Hir are reduced in the Sym neurons (data not shown). Despite the neuronal deficits, the foggy embryos have normal brain ventricles (Figs. 4I and 4J) and brain morphology, and the general structure of the hypothalamus, body shape, and overall organization of axonal pathways are not perturbed (Figs. 4I and 4J and data not shown). Moreover, foggy mutants do not undergo ectopic cell death as determined by TUNEL staining (data not shown). In the normal embryos, TH staining is first detectable by ϳ28 hpf, and the reduction in TH immunoreactivity in the foggy mutant is already apparent at this stage (data not shown), indicating that the mutation influences early development rather than the survival of mature cells.
Although foggy was originally isolated due to alterations in CA neurons, this mutation also causes cardiovascular defects which manifest early (ϳ30 hpf) as a failure of apparently normal blood cells to circulate. By ϳ48 hpf, a pool of blood accumulates around the yolk cell and beneath the heart (Figs. 4K and 4L), and by ϳ72 hpf, the heart becomes deformed and edema of the pericardial space is observed (not shown), leading to the death of foggy mutant embryos around 4 dpf. Taken together, the findings that a single gene defined by the foggy mutation is responsible for normal development of diencephalic, telencephalic, and retinal DA neurons, as well as LC and peripheral Sym neurons, strengthen the idea that distinct groups of CA neurons share an underlying common regulatory pathway, this despite the fact that they produce different neurotransmitters, develop in different locations, and execute distinct functions.
too few Mutant Embryos Have Reduced Numbers of Hypothalamic DA Neurons
By visual inspection, too few (tfu) mutant embryos appear indistinguishable from their wildtype siblings. However, immunostaining of 2-day-old embryos with TH antibody revealed that the number of THir hypothalamic DA neurons is significantly reduced (hence the name too few), while the arch-associated THir cells are unperturbed (Figs.  5A-5D ). In contrast to foggy, the remaining hypothalamic THir DA neurons in tfu embryos express TH at a normal level and appear to have normal neuronal morphology (Figs. 5E-5H). The reduction in the number of DA neurons is limited to the hypothalamus, while the preoptic and telencephalic DA neurons appear normal in number and morphology. Whereas the foggy mutant suffers deficits in the LC neurons, the tfu has a normal complement of these cells (Figs. 5E-5H ). The observed neuronal deficits are not due to a delay in neural development, since 5-day-old fry still displayed a severe decrease in the number of DA neurons compared to wildtype siblings (Figs. 5G and 5H ). The tfu hypothalamus and the major axonal tracts appear normal by visual inspection and by immunostaining with antiacetylated tubulin antibody (data not shown) and at least some of the tfu mutant fish are viable and can develop to adulthood.
The fact that LC, telencephalic, and retinal DA neurons are spared in tfu, but not in foggy, indicates that the genes which control the development of CA systems may act in a combinatorial fashion on different subsets of CA neurons. 
no soul Mutant Embryos Lack Arch-Associated CA Cells
Four mutants which lacked arch-associated CA cells were isolated. Complementation analysis showed that these mutants define two loci. Since the final location of the affected neurons is near the heart, these loci were named no soul (nos) and soulless (sou). The CNS of nos mutant embryos is indistinguishable from that of wildtype siblings and possesses a normal complement of forebrain DA, LC, and sympathetic neurons (data not shown). However, arch-associated CA cells are absent from mutant embryos as determined by TH (Figs. 6A and 6B ) and D␤H staining (data not shown). In 50% of the embryos derived from a cross between two heterozygous parents, a smaller (n ϭ 4 Ϯ 2) than normal number (n ϭ 12 Ϯ 2) of archassociated cells is present (Figs. 6C and 6D ). Since 50% of the progeny (total number of Ͼ500 examined) in crosses of two heterozygous parents are putative heterozygotes by Mendelian law, this finding suggested that the no soul gene product is rate limiting in the development of the archassociated CA cells.
Since the arch-associated cells are likely to be neural crest derived, we examined whether no soul displays other neural crest-related defects. As determined by anti-Hu antibody staining, neural crest-derived DRG neurons appear normal in nos embryos (data not shown). However, at around 5 dpf, it is evident that part of arch 2 (ceratohyals), as well as arches 3 and 4, is missing, whereas arches 5, 6, and 7 are retained but appear smaller (Figs. 6E-6H ). The cartilages of arch 1 appear normal in size but Meckel's cartilage component is displaced ventrally (Figs. 6G and 6H) . No obvious arch defects are observed in nos heterozygous embryos as identified by Mendelian ratios (data not shown). nos mutant embryos do not develop swim bladders and die around 6 dpf. The finding that nos perturbed the arch-associated CA cells as well as the arches themselves suggests that the neural crest cells which give rise to these two structures continue to utilize in part the same regulatory genes or that the arch-associated cells and the anterior arches have a common progenitor.
soulless Mutant Embryos Lack both ArchAssociated CA Cells and Locus Coeruleus
All three alleles of soulless (sou) fail to develop the locus coeruleus and arch-associated CA cells (Figs. 6I and 6J and data not shown). In contrast, diencephalic DA neurons (Figs. 6I and 6J ), caudal hindbrain THir neurons, sympathetic ganglia, and the major axonal tracts are normal (data not shown), and no obvious defects in the arches or in other neural crest derivatives such as pigment cells or DRG neurons are detected (data not shown). sou mutants have no obvious morphological defects during early embryogenesis, but by 6 dpf, a subtle alteration in their eye positioning is evident. While in the wildtype fish the fronts of the eyes are pointing inward (Fig. 6K) , the eyes in sou embryos are positioned parallel to the long body axis (Fig. 6L) or point outward during movements (not shown). The sou embryos develop normal swim bladders, but they do not feed as actively as wildtype siblings, and die around 15 dpf.
The finding that sou led to deficits in both LC and arch-associated neurons indicates that NA neurons in the peripheral and central nervous system share common regulatory pathways and together with the other mutants ties a regulatory network that may encompass the entire CA system. Conversely, the finding that the sympathetic neurons are spared in sou suggests that not all regulatory pathways are shared by the neural crest-derived CA neurons.
DISCUSSION
We have characterized the CA systems in the developing zebrafish and carried out an immunohistochemistry-based screen for mutations which alter these cell groups. Most of the isolated mutations simultaneously disrupt multiple classes of CA neurons unmasking a shared network of regulatory genes (Fig. 7) . Surprisingly, different combinations of CA neurons are perturbed in each mutation. For example, sou leads to deficits in both LC and archassociated cells, foggy causes deficits in the LC and hypothalamic DA neurons but not arch-associated cells, while tfu disrupts hypothalamic DA neurons but not LC or arch-associated cells. Taken together these mutations reveal an intricate system of genes that appear to control different stages in neural development as well as individual cell fate decisions, which are shared in a combinatorial manner between the various CA cells groups throughout the central and peripheral nervous systems.
CA Neurons in the CNS
In mammals and birds dopaminergic neurons develop in the midbrain as well as in the forebrain (Bjorklund and Lindvall, 1984; Parent et al., 1984; Smeets and Reiner, 1994) . In contrast, only forebrain DA neurons are found in teleosts, including the zebrafish (Ekstrom et al., 1992; Manso et al., 1993; this study) . Since midbrain DA neurons are found in the primitive cartilaginous fishes (Struesse et al., 1994) , it is likely that their absence in teleosts represents a secondary loss rather than a primitive feature. The zebrafish DA neurons could correspond to the mammalian DA systems in the retromammillary-posterior tuberculum area whose functions include controlling the secretion of pituitary hormones (reviewed in Smeets and Reiner, 1994) . Alternatively, some of these DA neurons may be functionally analagous to, or represent an extension of, the mammalian midbrain substantia nigra and ventral tegmental area neurons (Puelles and Verney, 1998; Reiner and Northcutt, 1992) . The findings that ablation of DA neurons by MPTP treatment in the teleost goldfish leads to a parkinsonian-like syndrome (Poli et al., 1990; Pollard et al., 1992) is consistent with this hypothesis.
As mentioned, the specification of DA neurons in rat and chick embryo was shown to be dependent on the secreted factors SHH (Hynes et al., 1995; Wang et al., 1995) and FGF8 (Ye et al., 1998) . The hypothalamic DA neurons in zebrafish also develop adjacent to sources of SHH in ventral midline of the neural tube and of FGF8 rostral to the cephalic flexure (Krauss et al., 1993; Barth and Wilson, 1995; Reifer et al., 1998; S.G. and A.R., unpublished data) . Thus, they too may be induced in regions of SHH and FGF8 activity. It would therefore be interesting to examine the development of CA neurons in the Shh (Schauerte et al., 1998) and FGF8 (Reifers et al., 1998) 
The LC is conserved in the brains of all vertebrates examined (Smeets and Reiner, 1994) , including the zebrafish, in which it is confined to the first rhombomere of the hindbrain. Despite its physiological importance little is known about the mechanisms by which development of LC is controlled. Our mutagenesis screen revealed that the LC shares regulatory components with other CA neurons in the PNS and CNS and opened the way to molecular understanding of its development.
Catecholaminergic Cell Groups in the PNS
We detected CA cell groups in the peripheral nervous system of zebrafish embryos at two different locations: near the developing gut and the pharyngeal arches. The CA cells located near the gut most likely correspond to sympathetic ganglia that have previously been shown by lineage analysis to derive from trunk neural crest cells (Raible et al., 1992) . To our knowledge, the pharyngeal arch-associated cells (aac) have not been previously described in any fish. The position of these cells and their association with the pharyngeal arches are consistent with the possibility that they are also neural crest derived. Unlike other THir cells that were detected in the brain, the aac do not possess axons at any of the developmental stages examined (up to 20 days postfertilization). Therefore, these cells are likely to become chromaffin-like neurosecretory cells, similar to the carotid body glomus cells, which control blood oxygen levels and are located between pharyngeal arches 2 and 3 in other vertebrates (Pearse et al., 1973; Espejo et al., 1998) . The carotid body glomus cells are dopamine producing in mammals (Karasawa et al., 1982) , but appear to be NA in zebrafish (this study).
Our mutant analyses revealed that development of both sympathetic and arch-associated CA neurons is regulated by genes which are shared with LC or hypothalamic DA neurons and paved the way to the identification of a signaling network which controls cell identity and number throughout the CA systems. 
Possible Roles of motionless, foggy, and too few in Specifying the Identity of CA Neurons in the CNS
Among the three mutations which disrupt non-arch-CA neurons, motionless exhibits the most pleiotropic effects on brain morphology, perturbing hypothalamic, telencephalic, and retinal DA neurons, LC neurons, and sympathetic neurons. Thus, it is likely that motionless represents a class of early regulatory genes which are used by developing CA neurons throughout the nervous system. On the other hand, foggy, which perturbs hypothalamic DA, LC, and Sym, and too few, which perturbs hypothalamic DA neurons, retain normal brain morphology and appear to function later than motionless to confer final identity to subpopulations of central CA neurons.
Given the observed phenotypes, these mutations could affect early neuronal specification, neurotransmitter choice, or neural survival. A few genes required for specifying catecholaminergic neurons have been identified in other vertebrates (for example, Phox2a, Morin et al., 1997; Gli-2, Matise et al., 1998) . It would be interesting to isolate zebrafish homologues of these genes and to investigate their role in the mutant phenotypes. Likewise, it has been demonstrated that neurotransmitter phenotype can be regulated by environmental factors (Landis, 1990) and it is possible that motionless, foggy, or too few encode such factors. Additional markers that are expressed in the affected neurons are needed to further examine the precise functions of the mutated genes.
Both motionless and foggy display cardiac in addition to the neuronal deficits. These deficits may indicate that the same regulatory genes are repeatedly used during development or may reflect a requirement of CA neurons in cardiac function. The findings that TH-deficient mice suffer from cardiac abnormalities (Zhou and Palmiter, 1995) support the second possibility.
Possible Roles of no soul and soulless in Specifying Arch-Associated CA Cells
A common phenotype for the no soul and soulless mutants is the early absence of arch-associated CA cells. While the no soul mutation also causes defects in the pharyngeal arches, the soulless mutation is associated with the loss of LC neurons. It is possible that the no soul gene functions primarily in the specification of arch segments and that the lack of the arch-associated THir cells is a secondary consequence to the failure of arch formation. However, the fact that the absence of THir arch-associated CA cells precedes the development of arch segments, and the finding that their number is reduced in putative heterozygous no soul mutants, which have no detectable arch defects, argue against this possibility. Thus, it is more likely that the arches and aac are derived from common groups of neural crest cells and/or that they require common signals for their specification. It is important to note that in the absence of a way to independently identify hets no soul mutants, we can not exclude the possibility that the reduced number of AAC cells in 50% of the fish is not related to the no soul mutation.
In the soulless mutant, both aac and LC neurons are absent. These cell groups were not detected with either TH or D␤H antibodies from very early stages of their development, suggesting that soulless functions in their early specification rather than survival. Importantly, not all NA cells are affected in the soulless and no soul mutants, as the sympathetic neurons appear normal. Thus, soulless and no soul may be required for the development of the neural crest-derived cells which have differentiated from the neural crest-derived sympathetic neurons or they may represent genes which control different NA components of the CA system. The soulless phenotype, which revealed that the LC and aac may share a common pathway for their specification, further underscores the existence of universal regulatory networks that control the development of CA neurons.
In sum, we have isolated and characterized mutations which affect the CA systems throughout the CNS and PNS of the zebrafish. These mutations unmasked a network of regulatory genes which are repeatedly used throughout the nervous system to produce CA neurons with distinct lineages, locations, and functions. They further reveal that diversity in the nervous system can be generated by a relatively small number of genes which may act in a combinatorial fashion.
